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Solar cells are the main stream of renewable energy, since the solar energy is abundant and 
accessible to most places on Earth. However, it has drawbacks, such as low energy conversion 
commonly less than 20 %, the power supply is intermittent and not stable. In industry, the energy 
conversion efficiency versus cost is the first priority to promote. Thus, implementing low cost but 
effective technique is attractive to industry. Based on geometric and wave optics, two simple-
integrated and scalable techniques to improve the energy conversion of solar cells are developed. 
The first method is to make a v-groove structure on the encapsulant, which is able to guide light 
to the absorption surface, rather than impinging on the metal contacts and being wasted. I have 
simulated the performance of isosceles triangles (IT), right triangles (RT), and metal-coated 
isosceles triangles (MC). Three merit of figures are introduced to determine the optimized design 
for seasonal and daily trajectory of sun scenarios. The optimized apex angle is 54° with IT structure 
for the scenario 1, and 15° with IT structure is the best for scenario 2 and 3. RT and MC do not 
outperform the IT; however, MC has some values for broadening the angular range. To fabricate 
the v-groove structure with an apex angle of 45°, I developed a molding process, and a wet-coating 
method to coat silver on the facets of v-groove. They are encapsulated on a solar cell and their 
EQE and J-V curves are measured. It carries out a gain of 4.3 % for the short circuit current; that 
means 68 % of the shading loss is recovered, and the cost is down by 5.6 % because of the saved 
area. However, the efficiency is enhanced in the limited incidence range of 40°. 
The v-groove structure is limited to the incidence range of 40°. In order to expand the incident 
angles. I proposed a polymer waveguide array, which is able to bend the light from large incident 




angle to the normal direction. I adopted photolithography with a blue LED to polymerize the 
waveguides	 by employing light-induced self-writing (LISW). This is a high-speed, low-cost 
process to fabricate large area waveguides. The photopolymerization with oxygen inhibition is 
understood. The relation among pillar height vs. light intensity and film thickness is derived from 
a kinetic model and fitted with the empirical data well. This relation is used to configure work 
parameters for growing desirable waveguides without doing a blanking search.  
A waveguide array with diameter of 40 µm, height of 466 µm and spacing of 200 µm is fabricated 
for EQE and J-V measurement. The gain of EQE and energy conversion efficiency is 1.61 % and 
1.71 %, The gain of 1.71 % implies the cost is down by 1.7 % owning to the saving area. 
In conclusion, I have developed two encapsulation techniques for three application scenarios. For 
the incidence range smaller than 40°, a v-groove encapsulant is an option. For the incidence range 
more than 40°, a waveguide encapsulant is more suitable. The results reveal a new structure-
property-performance relationship, whereby waveguide arrays opens a novel optical application 
on capturing light with a large incident angle. Therefore, the efficiency enhancement is no more 
limited to the normal incidence, but broaden to the all angle of incidence. It indicates the absorption 
of diffuse light is improved as well. Furthermore, the synthesis of polymer waveguides with LISW 
utilized the non-linear optics to confine the wave propagation in photoreactive polymer and 




obtained a high aspect ratio of 8.6 for the waveguide. This is a scalable approach to create 
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1.1 Motivation and objectives 
Since the nineteenth century, humans have entered the industrial revolution, relying on more and 
more fossil fuels and emitting 33444 million tonnes of CO2 in 2017.1 It has led to the global 
average (land and ocean) surface temperature increased by 0.85°C.2 Although it looks like a tiny 
number, it has caused the rising sea level, changing precipitation, and expansion of deserts in the 
subtropics.3 Other likely changes include more frequent extreme weather events such as heat 
waves, droughts, wildfires, heavy rainfall with floods, and heavy snowfall. The United Nations 
Framework Convention on Climate Change advised that that global warming should be limited to 
well below 2.0 °C.  
Secondly, fossil fuels are regarded as non-renewable resource although they are continually 
formed by natural processes. In estimation, they will run out in one hundred years.4 It sounds still 
far away from now, but human needs to take action to develop sustainable replacements for fossil 
fuels before it is diminished. In addition, fossil fuels produces severely environmental pollution, 
such as filthy air, heat pollution, and water pollution, etc.5 Before the pollution is runaway, we 
need to develop clean energy technology in advance. 




Thirdly, the national energy security is an issue, because most fossil fuel resources are controlled 
by the middle east. So far, human society has been suffered through three oil crises, and they had 
a huge impact to our life. Renewable energy is a promising route to mitigate the energy security 
issue. Therefore, we are obligated to develop renewable energy. 
To reconcile the above problems arising from the overuse of fossil fuels, more and more countries 
turn to use solar energy to substitute fossil fuel for generating electric power, as indicated in Fig. 
1-1.6 However, solar cells still suffer from high cost and low efficiency, which hinders the 
prevalence of solar cells. Hence, developing a low-cost and scalable technology to enhance the 
conversion of solar cells is my objective. There are many aspects which can to be optimized, such 
as bandgap, anti-reflection coating, reducing shading loss of metal contacts, etc. Here, I focus on 
how to reduce the shading loss by texturizing the encapsulant on solar cell to recycle the straight 
light hit on metal contacts. For the material of encapsulant, Polymers offer excellent properties, 
e.g., formability, flexibility, long longevity, low cost, and suitable to scale up, so they are chosen 
as the basis material.  





Fig. 1-1 The PV cumulative installation for global nations.6 It shows more and more PVs are adopted by 
the globe.  
This dissertation includes two projects:  
(1) The front contacts of a solar cell reflect up to 10 % of sun light, which is called “shading 
loss”.7,8 The first project focuses on harvesting the shading loss by texturing the encapsulant with 
geometric prisms.  




(2) In order to reduce the shading loss at large incident angles, the second project utilizes polymer 
waveguides to prevent light from directly impinging on the metal contacts, and to redirect it to the 
solar absorptive surface.  
The objectives of each project in this dissertation are: 
(1) Design and fabricate an encapsulant to harvest the light impinging on front contacts of a solar 
cell. Also, the encapsulant is able to capture a wide-angle range of incident light. 
(2) Develop polymer waveguides to convert inclined incident light to a normal direction of which 
reflection is lower, so as to enhance the conversion of solar cells. Also, it covers a wide-angle 
range of incident light. 
 
1.2 Shading loss from metal contacts 
Solar cells convert the energy of light into electricity by absorbing photons and creating electron-
hole pairs, illustrated by Fig. 1-2. The electron-hole pair is split and driven to contacts by the 
electrical field at the interface of PN junction. In this configuration, Front contacts are required for 
collecting the electrons, and it turns out some loss of light due to the shading of front contacts. 




That is, the light impinges on the metal contacts are scattered back to air, so it would not be 
absorbed by the solar cell and loses some light energy. 
 
Fig. 1-2 A conventional silicon solar cell has PN junction with front and rear contacts. The front contacts 
form a set of bus lines, which block a portion of light. 
Based on the conventional solar cells I used for experiments, the width of front contacts is 0.15 
mm, and the pitch is 2.375 mm, so the shading area is 6.3 % of the total area. This is a significant 
number. If the 6.3 % of light loss is recycled, assuming an 15 % efficient solar cell, the efficiency 
will jump to 16 % for the solar cell. Owning to the increase of efficiency, the area of solar cells for 
the same amount power generation reduces 6.25 %; also, the cost reduces 6.25 %. Thus, it is worthy 
to harvest the shading loss with some economical methods.  
Further considering the height of metal contacts, in my case, it is 0.015 mm. For an incident angle 













 0.15 + 0.035 tan(θ) 
Eq. 1-1 
Because the other dimension does not change, the shading loss is the ratio of shading loss and the 
grid spacing: 
 0.15+0.035tan(θ)
2.375  Eq. 1-2 
The plot of  Eq. 1-2 is shown in Fig. 1-4. When the incident angle is larger than 70°, the loss is 
larger than 10 %, and increases sharply with the incident angle. Hence, the shading loss is 
significantly large and cannot be overlooked. 
 
 










Fig. 1-4 The plot of shading loss as a function of incident angle q. 
 
1.3 Previous approaches 
Several approaches have been proposed for reducing the optical shading loss. Jaus et. al. 9 used 
laser to create a locally diffuser on front glass and obtained a moderate 3.3 % increase in short 
circuit current, as shown in Fig. 1-5 (a). The drawback is that the light on the pathway is still 
partially reflected by the metal contact, and the diffuser scatters some light back to air. In order to 
soothe the backscattering from diffuser, Mingareev et al.10 utilized tightly focused ultrafast laser 
to directly write a diffraction phase grating in the cover glass, as shown in Fig. 1-5 (b). It reduces 
a modest 17 % shadow loss; however, the main drawbacks are low throughput and high cost. In 












addition, the above methods only optimize the normal incidence. For inclined incidence, they are 
unable to offer an efficient light harvest.  
 
Fig. 1-5 (a) Jaus et. al. used laser to create a locally diffuser on front glass (b) Mingareev et al. utilized 
ultrafast laser to directly write a diffraction phase grating in the cover glass. 
Besides the above approaches, we proposed another wave-optics method, shown in Fig. 1-6, which 
consists of a periodic array of vertically aligned broadband optical waveguides.11,12 The structure 
was produced by employing light-induced self-writing (LISW)13,14,15 of microscale cylindrical 
waveguides in a photocurable resin consisting of a high and low index polymer (relative to one 
another), whereby LISW couples to photo-polymerization-induced phase separation16 to form a 
core (high index polymer) and cladding (low index polymer) architecture of cylindrical symmetry 
that establishes the refractive index profile necessary to transmit light via waveguided modes. With 
this novel method, the gain of short circuit current was up to 20 % at 40° incidence. 
(a) (b)





Fig. 1-6 The self-writing waveguide embedded encapsulant on a solar cell.11 
This embedded waveguide array is able to bend light from an inclined direction to the normal 
direction of the solar cell. Therefore, it avoids the light impinging on the metal contacts, and 
furthermore guides light to the silicon surface, instead. Inspired by this idea, I propose an air-
surrounded waveguide array in this dissertation, so the air medium as the cladding can maximally 
increase the difference of refractive index between the core and the cladding to maximize the 
incident angle and degree of bending. 
 
Fig. 1-7 The inclined incident light is bended to the normal direction by the embedded waveguide array.12 




1.4 Scenarios of installation 
Herein, I investigate three common scenarios of solar cell installation. The first scenario is that the 
surface normal vector of solar cell is aligned such that the sun at the midpoint of its yearly path is 
directly over the cell. In this case, the seasonal angle change is 47° due to the obliquity of Earth, 
so as only 47° incidence needed to be optimized.17 The second scenario is that the solar cell is laid 
toward to the sun of noon, which is aimed to the midpoint of the sun’s daily diurnal trajectory, and 
captures  the daily sun trajectory, so it needs to cover 180° incidence. The third scenario is that the 
solar cell is laid flat, on the Earth’s surface. Take Syracuse as an example, the latitude is 43°, and 
the seasonal angle of sun is in 43°±23.5°. So, only 47° needed to be covered. Then, the designed 
structures aim to the three scenarios, respectively. 
 
 





Fig. 1-8 The three scenarios of the installation of solar cells. (a) The solar cell is laid toward the sun and 
captures the sun’s seasonal trajectory. (b) The solar cell is laid flatly and captures the sun’s daily trajectory. 
(c) The solar cell is laid flatly and captures the sun’s seasonal trajectory. 
 
1.5 Proposed solutions 
The first feasible solution is integrating a 1-D triangular v-groove array into the encapsulant on 
solar cell. Taking the advantage of total internal reflection, the light that is supposed to impinge 
on the metal contacts is steered to the active area on solar cell, so the shading loss is reduced. 
Furthermore, to extend the cover angular range of incidence, coating a metallic layer on the wall 



















for total internal reflection. Thus, the angle of incidence is not limited to the critical angle. This 
solution is fully described in Chapter 3. 
Another measure is utilizing polymer waveguide arrays to redirect the stray light supposedly 
hitting on metal contacts to the active area on solar cell, instead of hitting on metal contacts. This 
way is based on wave optics, different from the first proposal related to geometric optics. 
Nonetheless, both of them intend to guide the light away from metal contacts. Chapter 4 gives the 
details of this measure. 
  




 General measurement procedure 
2.1 Solar cell characterization 
There are two multi-crystalline solar cells used in my experiment and purchased from 
SUNDANCE SOLAR Inc., and the nominal solar cell efficiency is 15.0 %. The area is 2 x 4 cm. 
For the air prisms and metal-coated prisms (Chapter 3), I only use area of 1 x1 cm due to the 
limited sample size of home-made encapsulants, and anywhere else is blocked by a brass mask. 
The spacing of metal contacts on this solar cell is 2.375 mm, measured by a moiré method. I printed 
different periods of photomasks by a laser printer and aligned it with the metal contacts. If their 
periods are matched, then the moiré pattern is disappeared. If not, then a clear moiré pattern is 
seen. By this manner, the period is found to be 2.375 mm. On the other hand, the second solar cell 
has different periods for metal contacts, which is 1.48 mm, more compact than the first one. Except 
for the spacing, other dimensions are the same. This solar cell is used for the waveguide experiment 
(Chapter 4) and the entire active area is used, since I am able to make such a large sample. 
Another important dimension is the width of the metal contacts. I used a surface profiler to measure 
the width and the height of the contact as shown in Fig. 2-1, and found they are 150 µm and 15 
µm. These dimensions would be used in simulation and geometric designs. 





Fig. 2-1 The scanning profile of the metal contact. 
Besides dimensions, I also measured the current-voltage curves for the two solar cells, the results 
are shown in Fig. 2-2. The solar cell efficiency extracted from Fig. 2-2 is 17.6 % and 17.4 % for 
the 1st and the 2nd solar cell, respectively; they are higher than the nominal efficiency, and are used 





















Fig. 2-2 The J-V curves for the solar cells used for different experiments. 
 
2.2 External quantum efficiency (EQE) measurement 
EQE is an index to indicate how many percentages of incident photons is converted into electrons 
(Eq. 2-1), and it is a function of photon wavelength. From the definition of EQE, higher EQE 
means higher light absorption, and less light lo by reflection and transmission. 
EQE	 = 	
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐
































IQE-200B, shown in Fig. 2-3, is the instrumentation to measure EQE in the dissertation, 
manufactured by Newport Inc. The light from the 100 W Xenon lamp is speeded by a grating, and 
a single wavelength light is selected by a slit. The light split into two beams, one beam’s light 
intensity is monitored as the incident light beam, and the other beam hit on the sample, and the 
sample’s short circuit current is measured. The ratio of short circuit current, and light intensity is 
the EQE. The original beam size is 0.8x1.0 mm2, it can be expanded to a beam size 1x1 cm2 to 
measure the large-area performance, and the wavelength scan range is 350 – 1100 nm, fitting with 
the absorption band of silicon.  
 
Fig. 2-3 The IQE-200B from Newport Inc.18 





2.3 Current-voltage measurement 
Current-voltage measurement, or called J-V measurement, plays the central role to determine the 
solar cell efficiency. The instrumentation includes a solar simulator (94021A, Newport Inc.) and 
a source-measurement unit (SMU, Keithley 2400, Tektronix). The beam size is 50.8 x 50.8 mm2, 
the output power is 65 mW/cm2 (measured value), and the spectrum is adjusted by an air mass 








Fig. 2-4 (a)The image of solar simulator (94021A, Newport Inc)19, (b) SMU (Keitheley 2400)20 
The solar cell efficiency h is defined as the maximal power output divided by the incident light 
power, and the maximal power output is equal to the maximum of I x V, notated as ImaxVmax, so h 
is written as: 








  Eq. 2-2 
In the above equation, current I is also expressed as current density J, and incident power is 
replaced by incident light intensity.  
  




 Air prisms and metal-coated prisms 
3.1 Air-prism array 
To cover broad incident angles and be compatible to the present manufacturing process, I propose 
to incorporate a periodic array of v-groove air prisms into the encapsulant, such that they are 
aligned with and overlay the contacts, as shown in Fig. 3-1. Owning to the total internal reflection 
(TIR) from the slanted sides of the prism (the air-encapsulant interface), the rays are redirected 
toward the absorptive material (e.g., silicon), rather than hit on the metal contacts. The apex angle 
of v-grooves is a critical parameter to optimize the range of incident angles. Thus, a ray-tracing 
method was used to simulate how the apex angle affects the light absorption for various incident 
angles. On the other hand, current encapsulation for photovoltaics is resin poured on solar cells 
and cured uniformly21. To incorporate the air prims, a molding process to fabricate an encapsulant 
with a v-groove structure was adopted, and the encapsulant was aligned and laminated on a solar 
cell. The adopted process is easily integrated into the photovoltaic manufacturing. I will 
demonstrate the overall process to incorporate the v grooves into an encapsulant. 





Fig. 3-1 The proposed structure 1: Air prism arrays are incorporated into the encapsulant to redirect light 
into the solar cell. 
3.2 Metal-coated (MC) prism array 
Air prisms are based on the principle of total internal reflection, so the incident angles with 
enhancing collection efficiency may be limited by the critical angle. In order to break the limit of 
critical angle, coating a metallic layer on the slanted sides of air prisms is a feasible way to extend 
the range of incidence, owning to the reflection no matter what the incident angle is. Thus, the 
accepted incident angle is largely broadened and approaches 90°, the entire range of incidence. 
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Fig. 3-2 The schematic for a metal-coated prism. The metallic layer is able to reflect light from any 
direction, no longer limited to the critical angle of TIR. 
 
3.3 Geometric design for prisms 
Based on the three scenarios that we have discussed in Chapter 1.4, for the first scenario, isosceles 
triangles(IT) are adopted  as the geometry of the prisms to capture the symmetric sun’s trajectory 
during seasons because isosceles triangles have the same symmetry as the scenario. For the second 
scenario, owing to the incident angles from -90° to 90°, it also a symmetric trajectory of sun, so 
isosceles triangles are also an appropriate option. For the third scenario, due to the skew trajectory 
of sun relative to the solar cell’s normal vector of its surface, right triangles (RT) are used for the 
prisms to match the skew positions of sun during seasons. The right-angled cross-section accounts 
Solar cell
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for solar cells laid flat, on the Earth’s surface for example, with the angled side facing away from 
the equator (i.e., north for northern latitudes, south for southern latitudes), as shown in Fig. 2(e).  
 
Fig. 3-3 (a) Isosceles-triangle prims are adopted for the case that the solar angle changes over seasons, 
which covers a range of 47°, and the solar cell is tilted so its surface normal is at the midpoint of the sun’s 
yearly latitudinal trajectory. (b) The solar cell with Isosceles-triangle prims is laid horizontally, which is 
aimed to the midpoint of the sun’s daily diurnal trajectory. (c) The solar cell with right-triangle prims is 
laid horizontally, so as to reduce contact loss over the sun’s yearly latitudinal trajectory.  
The geometric dimensions for IT and RT prisms are shown in Fig. 3-4. The pitch and width of 
metal grid are measured from the solar cell used in my experiments, which are 2.375 mm and 
0.15mm, respectively. Both structures are characterized by their apex angles (A). In the design 



















collection efficiency of the silicon surface on the solar cell. In the next section, I will introduce 
how to optimize the apex angle using a ray tracing simulation. 
 
Fig. 3-4 Schematic of the cross-section of the air prism array with (a) isosceles and (b) right angled cross-
sections. The tunable geometric parameter is the apex angle (A, 30° shown). The lines in red show a single 
ray path (θ = 30°), determined from a simulated ray trace, illustrating the altered path initiated with TIR off 
the face of the air prism. For right angled cross-sections, positive incident angles represent rays directed 
onto the slanted face of the air prism, with θ to the right of the normal incidence, as shown in (b). 
 
3.4 Optical simulation 
Ray tracing simulations were implemented by using the Advanced System Analysis Program 
(ASAP). As the air prism structure is a 1-D array, the incoming rays constituted a 1-D parallel 















was set to 40.375 mm. Thus, the ray spacing is 4.0375 μm/ray, which is far less than the critical 
dimension of the air prism (200 μm base), such that the features of the prism can be accurately 
resolved by the rays. We considered rays impinging on the solar cell surface at θ values from −60° 
to + 60°.  
We simulated a planar (i.e., non-textured) multi-crystalline silicon solar cell comprising of metal 
contacts spaced 2.375 mm apart, thereby including 17 contacts in the simulation cell. The contacts 
had a semi-ovular shape, with a 150 μm width and 15 μm height. These dimensions are based on 
the dimensions of the solar cell used in experimental work. The refractive index of the encapsulant 
was set to 1.4125 to match the measured value of the polydimethyl siloxane (PDMS) elastomer 
used to fabricate encapsulants in this work. The refractive index measurement was made with an 
Abbe Refractometer (Atago, NAR-1T SOLID, Accuracy of ± 0.0002). Since the absorption of 
PDMS is small in the wavelength of 350 – 120022, the absorption is set to zero. The refractive 
index of silicon was set to 4.15 (from the built-in material database). All light transmitted into the 
silicon material was considered to be collected (i.e., no inherent absorbance loss). The metal 
contacts were set to perfectly reflect light. The wavelength used in simulations was 532 nm. The 
collection efficiency was calculated as the percent of light transmitted through the silicon surface 
over the entire duration of the simulation. Ray tracing was run until all rays had left the simulation 
cell.  




The isosceles-triangle (IT) and right-triangle (RT) air prisms were simulated, respectively. Also, 
the metal-coated (MC) prism is simulated. For the metal-coated prism, its simulation was similar 
to that of the air prism. However, the difference was adding a metal-coated layer between the air 
and PDMS interface, whose reflectance was 67 %, measured with a planar coating sample, by a 
quantum efficiency measurement system (IQE 200B, Newport). Because of the broaden acceptable 
incidence, the range of incidence was extended to 90° to capture the all features within the entire 
range. 
 
3.5 Optical simulation results and discussion 
Fig. 3-5 are the simulation results of light collection efficiency for an IT air-prism encapsulant 
(a,b,c), an MC prism encapsulant (d,e,f), and a RT air-prism encapsulant(g,h,i). The enhancement 
is defined as: 
(
Collection	efficiency	of	test
Collection	efficiency	of	control − 1) ∗ 100% 
Eq. 3-1 
 
So, it is a ratio of improvement, and the results are shown in Fig. 3-5 (c)(f)(i). This definition has 
an advantage; it directly reflects the ratio improvement of the absorption, because the collection 




efficiency is proportional to the light absorption. Furthermore, the solar cell efficiency is 
proportional to light absorption. Thus, the solar cell efficiency improvement is equal to the 
collection efficiency improvement, and I can compare the enhancement of simulation with the 
experiment. 
The ray tracing simulations were used to calculate the collection efficiency of the IT and RT over 
a range of apex angles and angles of incidence. Fig. 3-5 shows contour plots of the collection 
efficiency both in absolution percent value, and enhancement in percentage relative to calculations 
for a uniform (unstructured) encapsulant. The contours display specific regions, labeled in Fig. 
3-5(b) (e) (h), showing collection enhancements over range of q for different air prism shapes, as 
well as regions with losses. These positive and negative changes in collection efficiency strongly 
indicate different light propagation paths as the determinative factor for efficiency, which changes 
based on the air prism shape and q. The collection efficiency for IT is symmetric, as expected 
based on the isosceles cross-section.  
The contours show, furthermore, that enhancements can be attained for a wide, tunable range of q 
by changing the apex angle. For example, an IT with an apex angle of 45° is a remarkable design, 
which shows an approximate 6% enhancement over q from -30 to 30°. Yet, for smaller apex angles, 
positive gains, although varying (minimum of ~4%, maximum of ~10%), can be obtained up to a 
range of -60 to 60°, indicating the potential for significant wide-angle light collection. For the MC, 




it has the least enhancement, due to the lower reflection of the metal-coated on the prism. However, 
it has two more bands than the IT, and the bands are more broaden, since the metallic surface offers 
extra reflection capability on various incident angles, and creates more possibility to trap light. For 
the RT, an apex angle of 35° yields a relatively constant ~6% gain for q of approximately 0 to 
+40°, which may be the optimized angle. The ray-tracing results, by simulating subsequent 
reflections, provide a more accurate evaluation of the reduction in shading losses than what has 
been previously determined by considering only TIR at the air/encapsulant interface.23 
(a) Collection efficiency of Uniform
 
(b) Collection efficiency of IT 
 
(c) Enhancement of IT 







































































































(d) Collection efficiency of Uniform 
 
(e) Collection efficiency of MC 
 
(f) Enhancement of MC
  
(g) Collection efficiency of Uniform
  
(h) Collection efficiency of RT 
 
(i) Enhancement of RT 
 
Fig. 3-5 Light collection efficiency (Unit: %) and enhancement (Unit: %) of air-prism structured 
encapsulants mapped against apex angles and incident angles. The simulation results for a solar cell covered 
























































































































































































From Fig. 3-5(c)(f)(i), the enhancement results show some hot spots where the enhancement is 
high. The highest enhancements for each case are 17%, 9%, and 14 %, respectively. At the first 
glance, 17 % seems irrational, because the metal contacts only occupy 6 % of the total area. To 
understand how come they achieve such the highest enhancement, the single ray tracing is 
performed and plotted in Fig. 3-6. The first observation is that they have the common phenomena 
that the ray is trapped by TIR in the encapsulant. These is the main reason for the hot spots, so I 
can take the advantage of TIR in the encapsulant. Second, the prisms are very sharp, so they have 
a large shadow area with respect to the inclined light. Then, it can trap relatively large amount of 
light more than the 6 % area of the metal contacts. It explains why 17 % enhancement is achieved. 
Second, 9 % enhancement of MC is relatively low to 17 % of IT due to the lower 67 % of reflection 
rate. 
(a) A=15°, q =51.5° 
 
(b) A=90.5°, q  =71° 
 
(c) A=15°, q  =-40.5° 
 
Fig. 3-6 Ray tracing for the highest enhancement cases for (a) IT air prism, (b) MC prism, and (c) RT air 
prism. They have the common phenomena that the ray is trapped by TIR in the encapsulant. 




3.6 The figure of merit (FOM) 
To extract the optimized design from the above optical simulation, I proposed a figure of merit 
(FOM) to determine the optimized design for the three scenarios. In scenario 1, considering the 
incident angle is in the range of ±23.5°; in order to achieve the highest absorption, the average 
collection efficiency within the angular range, denoted as S, must be maximized, which is 
expressed as: 
𝑆 = 	
∫ 𝐹𝜂(𝜃)cos	 𝜃lm.nolm.n 𝑑𝜃
∫ 𝐹cos	 𝜃lm.nolm.n 𝑑𝜃
 
Eq. 3-2 
Where F is the light flux (unit: W), h is the collection efficiency. For convenience, the light 
intensity is assigned and equal to 1 W. Thus, S is simplified to S1: 
𝑆p = 	
∫ 𝜂(𝜃)cos	 𝜃lm.nolm.n 𝑑𝜃
∫ cos	 𝜃lm.nolm.n 𝑑𝜃
 
Eq. 3-3 
S1 is used as the figure of merit for scenario 1. For scenario 2, the incident angle is across ±90°; 
with the same logic, S2 is written as:  





∫ 𝜂(𝜃)cos	 𝜃qroqr 𝑑𝜃
∫ cos	 𝜃qroqr 𝑑𝜃
 
Eq. 3-4 
For scenario 3, it is more specific to where the latitude is, since it affects the range of incident 
angle. Take Syracuse as an example, the latitude is 43°N, so the incident angle is 43°±23.5°; that 
is from 19.5° to 66.5°, so the figure of merit S3 is written as: 
𝑆ms = 	
∫ 𝜂(𝜃)cos	 𝜃tt.npq.n 𝑑𝜃
∫ cos	 𝜃tt.npq.n 𝑑𝜃
 
Eq. 3-5 
For the RT, since it is asymmetric, the range of incident angle could be -19.5° to -66.5° as well. 
For this case, S3 is written as: 
𝑆mo = 	
∫ 𝜂(𝜃)cos	 𝜃opq.nott.n 𝑑𝜃
∫ cos	 𝜃opq.nott.n 𝑑𝜃
 
Eq. 3-6 
The results of FOM for each scenario is plotted in Fig. 3-7. The highest S1 occurs as the IT structure 
with A = 54°, and the highest S2 andS3 occur as the IT structure with A = 15°. RT+ and RT- 
correspond to the positive and negative incident ranges, and RT+ outperforms RT-, so it indicates 
that the vertical wall side plays the central role. Unfortunately, RT cannot beat IT for any cases, 




even in the third scenario. Thus, RT is not suitable for this application, and not considered for 
further tests. However, IT is a good design in all cases, so it will be elaborated by more 
experimental tests. On the other hand, MC does not perform better than IT either, but its peak at 
A =38° is somehow of its best performance for S2. Nonetheless, this FOM cannot indicate the 








Fig. 3-7 FOM for (a) S1 of the first scenario, (b) S2 of the second scenario, (c) S3 of the third scenario. 
Although the best apex angle for IT is 54°, I chose 45° for the experimental test, since this angle 
was chosen before the FOM method was developed based on my visual investigation. However, 
if we investigate the profile of enhancement shown in Fig. 3-8, it is very close to the best profile 


















































































IT-54, so it is still a representative. Furthermore, CM shows a broader angular range of 
enhancement, so it satisfies the purpose of metal-coated to broaden the range of incidence. 
 
Fig. 3-8 The profile of enhancement for IT-45°, IT-54°, and MC-45°. Performance of IT-45° is very close 
to IT-54°, so it shows nearly the best profile. 
 
3.7 Film fabrication and characterization 
I made an encapsulant with a periodic array of air prisms, and the other encapsulant with metal-
coated prisms. A molding process, as shown in Fig. 3-9, is adopted. In this process, a brass mold 
(1cm x 1cm, Potomac, Maryland)) with periodic isosceles prisms with 2.375 mm spacing, 200 μm 






















base, and 241 μm height was made by micromachining. A formulation of PDMS elastomer 
(Sylgard® 184) base and curing agent was thoroughly mixed and allowed to degas at room 
temperature under ambient conditions. The formulation was then poured over the brass mold 
contained in a plastic petri dish until it submerged the mold below ~1.5 mm of resin. The resin 
was allowed to cure at room temperature under ambient conditions for 24 hours. The cured film 
over the mold was then cut and carefully peeled off. Until this step, the air-prism encapsulant has 
been made. This created a 1-D periodic array of v-grooves in the surface in the PDMS, which 
would form the slanted faces of the air prisms. We experimented with different ratios of base and 
curing agent to minimize the elasticity of the sample, in order for the v-groove structure to retain 
its shape, yet not to harden to an extent that the film was damaged during the peel off. Highly 
elastic samples skew the pattern, and highly hardened samples showed degradation of the pattern 
after peeling off due to remnant resin on the brass mold. The optimal formulation was found to be 
10:1 weight ratio of base to curing agent. The next step is to peel off the resin and flip it. In order 
to coat a metal on it, I have tried to sputter silver on the facets of v-grooves, but it shows a burned 
surface as shown in  Fig. 3-10; apparently, the plasma treatment has damaged the PDMS material. 
I figured out a wet-painting method: I injected a silver solution (Rust-Oleum Specialty Mirror 
Spray), which is a mixture of organic solvent and silver flakes, into the v-grooves, the capillary 
force extended the solution to cover the entire groove fully. If there is solution spreading out the 
grooves, it is easy to wipe it out with ethanol. In the last step, keep the resin calm and dry at normal 




room condition for 1 hour, and the silver flakes would stay in v-grooves. The coating was examined 
under microscope. If the coating was too thin, the leakage of transmission light would be observed, 
and the coating process needed to repeat until it fully blocked the transmission light. 





Fig. 3-9 The schematic of the process to fabricate a metallic-coating encapsulant. (a) A brass mold of 
triangular prisms to template the resin with the inverted pattern. (b) A silicone resin (PDMS) is poured over 


























Assemble with the solar cell(g)




solution is injected in the V-grooves and fills over them. (e)The residues over the V-grooves are wiped out 
with ethanol. (f) The solvent in the solution is evaporated at a room condition, and the silver flakes are 
coated on the facets of V-grooves. 
 
Fig. 3-10 The optical image of the sputtered v-grooves, and the black burned region is clearly shown. 
The optical images of the finished encapsulants are shown in Fig. 3-11. The v-groove encapsulant 
shows smooth facets of the v-grooves, and the silver-coated encapsulant has silver flakes staying 
inside the v-grooves. Both encapsulants have around 1.5 mm thickness. 








Fig. 3-11 The optical images of (a) a v-groove encapsulant, and (b) a silver-coated encapsulant. The v-
grooves have smooth facets, and the silver flakes in the silver-coated are visible. The scale bar is 1 mm.  
The scanning electron microscopy (SEM) images in Fig. 3-12 shows more details about the facets 
and silver-coated quality. Fig. 3-12(a)(c)(e) are the perspective, side view, and top view of a v-
groove, and they show clear, smooth facets of the v-groove. Fig. 3-12(b)(d)(f) are the perspective, 
side view, and top view of a silver-coated v-groove, and they show the silver flakes are applied on 
the facets and form a coating layer. At a first glance, it showed a coarse coating; however, the 
morphology of air side of the coating is not critical for reflecting light, but the PDMS side of the 
coating plays the central role to reflect light, so a smooth PDMS side coating is more important. 
Unfortunately, the PDMS side is unable to observe under SEM. Nonetheless, the smooth facets 
have defined the morphology of coating, if the flakes are not too large. From the SEM images of 
v-grooves, smooth facets are obtained, so it is extremely possible to have a decent silver-coated. 




Also, I tested the same silver-coated on plain cover glass, and I obtained a mirror-like surface, so 

















Fig. 3-12 SEM images for (a)(c)(e) a V-groove structure, showing a smooth facet, and (b)(d)(f) a silver-
coated structure, showing a texture with flakes. The scale bar is 100 μm. 
The images of the finished solar cell with uniform, v-groove, and silver-coated encapsulants are 
shown in Fig. 3-13. Using ambient light, visual comparison between solar cell contacts covered 
by the uniform encapsulant v-groove, and silver-coated encapsulant shows reduced brightness for 
the latter two images, indicating that less light is impinging and scattering off the contacts. Hence, 
the contacts have been “cloaked” to some degree from the incoming light.  










Fig. 3-13 The images of the finished solar cell with (a)uniform, (b)v-groove, and (c)silver-coated 
encapsulant.  
 
3.8 EQE results and discussion 
Improvements in the EQE by using the v-groove and silver-coated encapsulants were probed with 
a 1x1 cm monochromatic beams, scanning the wavelength from 350 to 1100 nm. To get the angular 
performance, I scanned the EQE with different incident angles from 0 to 70°. To maintain the 
effective area to 1x1 cm, a 1x1 cm mask was covered on the solar cell such that exposed area was 
confined in the opening of the mask. 




From the raw data of EQE over wavelength, as shown in Fig. 3-14(a)(b)(c), the average EQE is 
calculated by the following equation: 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝐸𝑄𝐸 = 	




where φ(λ) is the photon flux of AM 1.5 G at a wavelength, λ. Eq. 3-7 as a weighted average across 
the wavelength range investigated. The expression is essentially the ratio of the total number 
electrons generated to the total number of incident photons. The average EQE is shown in Fig. 
3-14(d). For the normal incidence, assigning the uniform encapsulant as the base line, the v-groove 
enhances 3.4 %, and the silver-coated enhances 2.7 % for EQE. It indicates 2 – 3 % improvement 
in light absorption. Since the silver-coated cannot reflect light as perfect as the v-groove, so it is 
slightly lower than the v-groove. Nevertheless, the minor degradation of EQE infers the silver-
coated quality is alike to a smooth facet. 
For the v-groove, comparing to the simulation of 7 % enhancement, the experimental EQE is only 
50 % of simulation. It attributes to the coarse multi-crystalline silicon surface of the solar cell, so 
it would scatter the light into air, rather than a perfect reflection. Second, the simulation used a 
built-in optical property for the silicon, instead of the real silicon’s optical property. Third, 
imperfectness of micromachining surface, especially at the tips of v-grooves, scatters light from 
the tips. 




Comparing the silver-coated to the v-groove, silver-coated has an enhancement in the same 40° 
angular range of v-groove. It is less than what the simulation suggested that the enhancement 
occurs until 60°. Also, the enhancement is quite less than the v-groove. It shows the coating quality 
is too low to use as a reflection surface. From the average EQE versus incident angles, I can 






Since I put a 1 cm2 mask on the solar cell, the light intensity has been reduced by a cos(q) factor, 
so there is no cos (q) term in the numerator. the cos(q) term in the denominator originates from the 
photon flux which is dependent on the incident angle. The angular average EQE is 80.73 % 
(uniform), 81.82 %(v-groove), 79.86 % (silver-coated), The enhancement is 1.35 % (v-groove), 
and -1.07 % (silver-coated), respectively. V-groove shows the greatest enhancement, even though 
its angular range of enhancement is limited to 40°. Obviously, the strong enhancement in this 
angular range promotes its EQE strongly. 












Fig. 3-14 The EQE versus angles of incidence for a solar cell with (a) a uniform encapsulant, (b) a v-groove 
encapsulant (c) a silver-coated encapsulant. The maximum EQE is in the order of V-grooves (87.12 %), 
silver-coated (86.53 %), and uniform (84.66 %). (d) The EQE versus angles of incidence indicates that both 
v-groove and silver-coated are enhanced in the angular range of 0° to 40°. The insect is the EQE curve 







































































































0 10 20 30 40





3.9 J-V curve results and discussion 
To obtain the solar cell efficiency, the J-V curves were measured and shown in Fig. 3-15. From 
the raw data in Fig. 3-15(a)(b)(c), the short circuit current density (Jsc) was extracted and plotted 
in Fig. 3-15(d), The enhancement of Jsc arises from the increase of light absorption, so it generates 
more electrons. The highest gain of Jsc occurs at normal incidence, and it achieves 4.3 %. It 
indicates 68 % of shading loss is recovered based on total 6.3 % shading loss. Also, it is higher 
than the 3.3 % Jsc increase reported by literature.9 Comparing to the uniform encapsulant, Jsc of the 
silver-coated is enhanced only in the range of 40°. Since it cannot support enhancement for large 
angular range, it concludes that the quality of silver-coated surface is too low to use as a reflection 
surface. 
The most significant index for improvement is the solar cell efficiency, h. From the J-V curve 









JmaxVmax is the product of the voltage and current density when the product is maximum as the 
maximum power output. 65 
N
cos	(𝜃) is the light intensity with incident angle q. The results are 
shown in Fig. 3-15(e). The v-groove encapsulant gives the highest efficiency up to 18.83 % at 
normal incidence; comparing to 17.77 % of the uniform encapsulant, it enhances 5.9 %. From the 
increase of efficiency, the area of solar cell to achieve the same power generation is reduced by 
5.6 %, which means not only the needed area is reduced, but also the cost is reduced by 5.6 %. 
The enhancement sustains until 40°; after that, the efficiency is less than that of the uniform. The 
silver-coated encapsulant gives 18.28 % efficiency, enhancing 2.8 % from the uniform. The 
enhancement occurs only in the incident range of 30°. Analogy to the FOM, I can calculate the 
angular average solar cell efficiency have based on Eq. 3-9: 
𝜂~P =
∑ 𝜂(𝜃)cos	(𝜃)
∑ cos	(𝜃)  
Eq. 3-9 
The results are 17.72 %(uniform), 18.29 %(v-groove), and 17.81 % (silver-coated). V-groove 
enhances 3.21%, and silver-coated enhances 0.54 %.  
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Fig. 3-15 (a)-(c) J-V curves as a function of incident angles for a solar cell with (a) a uniform encapsulant, 
(b) a v-groove encapsulant (c) a silver-coated encapsulant. (d) The short circuit current density extracted 
from the J–V curves, which shows silver-coated has higher current than uniform over all the range of 
incident angles, even broader than that of V-grooves. The insect is the EQE curve zoom-in of 0 – 40°. (e) 
The maximum efficiency extracted from the J–V curves shows the highest gain is 5.9 % from v-groove and 
it gains until 40°. 
The highest enhancement (5.9 %) of h happened with a v-groove encapsulant, because v-groove 
has the smoothest facets that reflect light greatly; surprisingly, it has broader angular range of 
enhancement than that of the silver-coated. A possible reason is that the silver-coated film is 





















recover rate is relatively low, because the light is scattered back to the air by the silver-coated 
surface. If the scatter light is more than the recovered light, than the efficiency gets degraded.  
Lastly, the empirical efficiency enhancement is compared with the simulation in Fig. 3-16. The 
trend of empirical curves is similar to the simulation, but it is lower than that of the simulation 
generally. The reason is that simulation is a perfect condition, but the real case is not. For example, 
the silicon surface is coarse, not a mirror plane. The other reason is the optical property of silicon 
surface, since the material model for silicon in simulation is the built-in property, not the real solar 
cell I used in experiment. This is the largest agent for the mismatch. For the silver-coated, the 
metal flake’s nature is not involved in the simulation, and it is simplified into a flat plane; that is 
also a significant a reason for the error. 
 
Fig. 3-16 Comparison of experimental results and simulation. Generally, it shows the empirical data has 





























3.10  Summary 
In this chapter, I started from the three scenarios of application and introduced the air prisms to 
prevent light from impinging on the metal contacts. Furthermore, in order to broaden the incidence 
angles, a metal-coated prism is introduced to recover light that impinges on the prisms at an angle 
smaller than the critical angle. 
To understand the mechanism behind the prisms, I simulated the performance for the air and metal-
coated prisms and constituted merit of figure to find out the best design. Form the simulation, I 
understand a good design guiding the light into the encapsulant and inducing total internal 
reflection inside the encapsulant. This is a key to enhance more light trapping. After realizing the 
best design, a molding process is implemented to fabricate the v-groove encapsulant, and a wet 
coating method is used to coat silver on the facets of v-grooves to form a metal-coated encapsulant. 
Their EQE and solar cell efficiency are measured and summarized in Fig. 3-17. For EQE, v-groove 
has the greatest improvement, since it has smooth facets and the best design angle. On the other 
hand, silver-coated has a degraded performance owning to the coarse coating on the facets, and it 
scatters light strongly. For the solar cell efficiency, the v-groove encapsulant has the highest 
performance, and the silver-coated is behind the v-groove encapsulant with the same reason as the 
case of EQE. 








Fig. 3-17 The (a) EQE and (b) solar cell efficiency for the v-groove and silver-coated encapsulants. 
In conclusion, a simple geometric design for the encapsulant to recover the shading loss is 
developed. The shading loss is 6.3 %, and my work enhances 4.3 % on Jsc. That is to say, 68 % of 
shading loss is recovered. Comparing to 3.3 % increase of Jsc from Jaus’ work24, and 17 % recover 
rate from Mingareev’s work10, 4.3 % enhancement on Jsc and 68 % recover rate is greatly 
improved. Furthermore, this molding process is easy to integrate into the present solar cell 






















































 Polymer waveguide 
4.1 Introduction 
From Chapter 3, air prisms and metal-coated prisms are developed. However, it cannot achieve 
ultrawide angle capture for the shading loss. The largest angle with enhancement is 40°, and I wish 
to expand to 70°. Therefore, other designs needed to be sought. 
Besides the idea of air prism, I proposed another optical method, the polymer waveguide to reduce 
the shading loss. Micropillar arrays are a decent option as polymer waveguide array. Usually, 
micropillar arrays are used for cell culture25, antifouling26, antiwetting27, anti-icing28, water 
collection29, and better adhesion30, and now I propose a new application for light harvesting. The 
mechanism is that the polymer waveguides in the flank of the metallic redirect the light that is 
supposed to impinge on the metal contact to the absorptive surface, as shown in Fig. 4-1. The red 
light represents that the light impinging on the tip of waveguide is recovered by the waveguide if 
the incident angle satisfies the total internal reflection inside the waveguide; however, the green 
light has a very limited recover rate because light always leaks from the side wall, so only the very 
limited light is captured by the waveguide. Notice that above the metal contact, there are no 
waveguides because this setup avoids the light being redirected to the metal contact such that the 
shading loss increases. 





Fig. 4-1 Waveguides in the flank of the metal contact play the role to recover a partial shading loss. 
From the refractive index of a polymer, such as trimethylolpropane triacrylate (TMPTA), 1.474.31 
I can calculate the maximum incident angle and plotted in Fig. 4-2. It can achieve ~90° incidence 
with total internal reflection inside the waveguide, since it satisfies that the incident angle is greater 
than the critical angle (42.7°) condition on the side wall. Therefore, it is possible to accomplish 









Fig. 4-2 The maximum incident angle that achieves total internal reflection inside the waveguide is 
approximately 90°. 
Based on the mechanism of redirecting the light to the silicon surface, the design philosophy is 
summarized as below: 
1. The denser of the pillars, the more effective to recover the stray light, because more pillars are 
able to redirect more light.  
2. Taller pillars are able to recover light from smaller incident angles and to expand the angular 
range of enhancement.  
3. Larger diameter of pillars can reduce the bounce number of light in the pillars, and decrease the 









I will use the three rules to determine the waveguide for experiment. 
 
4.2 Photopolymerization of a polymer pillar array 
Materials. Trimethylolpropane triacrylate (TMPTA) was purchased from Sigma-Aldrich. The 
visible-light photoinitiator system consisted of free-radical initiator camphorquinone (CQ) 
purchased from Sigma Aldrich, and cationic initiator (4-octyloxyphenyl) phenyliodonium 
hexafluoroantimonate (OPPI) purchased from Hampford Research Inc. All chemicals were used 
as received. 
Preparation of Photopolymerizable Mixtures. Photocurable mixtures were prepared starting with 
TMPTA (96 wt%) and dissolving in it CQ (2.5 wt% of total mixture) and OPPI (1.5 wt% of total 
mixture). To obtain oxygen-saturation, mixtures were continuously stirred for 10 days while open 
to the ambient environment, yet in a dark room to protect it from ambient light exposure. CQ 
sensitizes the photoreactive mixture to blue light (λmax = ~470 nm), initiates the free-radical 
polymerization of TMPTA, and facilitates free-radical decomposition of OPPI32 to accelerate free-
radical polymerization.33  
Photopolymerization of Mixtures. As shown in Fig. 4-3, the photoreactive mixture was poured into 
a well consisting of a Teflon ring adhered to a transparent plastic substrate to form a thin film. The 




film was irradiated from below with collimated blue light from a light-emitting diode (LED) (λmax 
= 470 nm, Thorlabs Inc.) at an exposure intensity within 1-15 mW/cm2. The peak emission 
wavelength of the LED was selected to match the peak absorbance of CQ in order to maximize 
photon absorbance. The photoresin film thickness was measured by a custom-made device, which 
contains a linear translation stage, a tip, and a camera. The bottom and top position of a film were 
recorded as the tip touched one of them, and aliquots of the mixture were added to the well until 
the desired thickness was reached. Here, we measured the film thickness at the center of cells to 
avoid film distortion at the edges. In the curing process, LED light was first passed through a 
photomask (Photosciences Inc.) consisting of a square array of circular apertures of different 
diameters (D) and spacing (S), which generates of optical profile consisting of cylindrical optical 
beams that are subsequently transmitted through the film. The photomasks are specified by D/S 
ratio (i.e., 40/400, 40/200, 10/100, and 10/50 are used herein). We explored to beam sizes of D = 
10 and 40 μm, and D/S ratios of 1:10 and 1:5. The irradiation time was between 0 and 40 min. 
After the irradiation, the excess monomer was washed away with ethanol, and the sample dried 
under air flow.  





Fig. 4-3 Schematic of irradiation setup employing a collimated LED, photomask, and liquid photoresin. 
The above way can create simple square array, but cannot create specific patterns, such as Fig. 4-4 
(a) that leaves empty space for metal contacts (black bar in the figure). To obtain the below pattern, 
I printed a plastic mask that has a designed strip pattern to block the streets where I didn’t want to 
have waveguides, so I am able to make the structure shown in Fig. 4-4 (a). To assemble the 
waveguides on solar cell, the substrate is flipped such that the waveguides are toward to the solar 
cell, aligns the streets with metal contacts and covered on the solar cell as shown in Fig. 4-4(b). 
Two double-sided tapes are attached on the both ends of the substrate to fix the waveguide array 
on the solar cell. 
 
 








 Fig. 4-4 (a) A strip-patterned waveguide array (b) The strip-patterned waveguide array is flipped and 
covered on solar cell. 
Microscopy. Microscope images were obtained with a Zeiss Axioscope equipped with an Axiocam 
105 color camera operated by Zeiss imaging software, and close up photographs were captured by 
a digital microscope (MicroView), commonly referred to as a “macro-lens camera”. Growth of the 
pillars was imaged in-situ using the digital microscope camera under red-light illumination (λ = 
615 nm). Pillar height over time was determined from in-situ videos. The length and diameter of 
pillars were measured with Zeiss imaging software, by choosing five pillars at the center of the 
sample and calculating an average and standard deviation. 
Scanning Electron Microscopy (SEM). Samples were sputter deposited with gold, and SEM 









4.3 Kinetic model for pillar growth 
Approach: Combining irradiation of microscale beams with oxygen inhibition 
Irradiation with a periodic array of microscale beams generates radicals, drives radical diffusion, 
and induces pillar growth both in height and diameter, all while the system is continuously open 
to a fresh supply of oxygen from the ambient environment. The balance of all these processes 
determines whether arrays of pillars are produced. Kewitsch et. al. noted in single beam 
propagation studies in closed resin systems that if light intense was too high, the entire sampled 
cured.14 Jacobsen noticed that the fibers would significantly “thicken” and some inhibition would 
be necessary to ensure this was limited.34 To verify the need for oxygen inhibition, we irradiated 
a closed and sealed system, which yielded micropillars immersed in a solid gel (See Supporting 
Information). In another test experiment, hydroquinone (HQ) was added as an inhibitor, which 
eventually led to very narrow pillars that were still embedded in a gel. This indicated that the 
addition of an inhibitor species was not sufficient to stop the entire resin from curing, and that a 
continuous supply of inhibitor was needed. One approach to the spatial control of growth in 2D 
written materials by photopolymerization is to perform the reaction under high oxygen inhibition. 
To this end, having the resin saturated in oxygen and carrying out irradiation under ambient 
conditions proved successful, and this constitutes our experimental setup under study. Oxygen is 
supplied at the photoresin-air interface. Exposure to oxygen in this manner establishes “Inhibition 




zones” in the resin, in which no photopolymerization can occur unless the region is sufficiently 
irradiated with light. This enables a strong bias differential in the growth between bright 
(irradiated) regions where the occurrence pillar growth is intended.  Leveraging oxygen inhibition 
has been used for microparticle synthesis,35 stereolithography,36 etc. This is the first demonstration 
of employing light-induced self-writing in combination with oxygen inhibition to pattern and grow 
micropillar array structures.  
Model Description 
Scheme 1 shows the mechanism of polymerization using our selected photoinitiator system 
consisting of both CQ and OPPI. The details of the mechanism have been explored by Crivello et. 
al.32,33,37  They are described herein briefly. Irradiation of camphorquinone (λmax = 468 nm) with 
blue light generates a camphorquinone-derived radical (Eq. [1]). This radical can undergo 
dimerization, hydrogen abstraction reactions, initiate free-radical polymerization (FRP) of 
TMPTA, or undergo oxidation by the diaryliodonium salt, OPPI. In the latter case, oxidation of a 
camphorquinone-derived radical by OPPI yields a camphorquinone-derived cation and 
diaryliodine radical (Eq. [2]). The unstable diaryliodine free radical generated in Eq. [2] 
decomposes to form an aryl iodide and an aryl free radical (Eq. [3]). The aryl free radicals or their 
radical reaction products can cycle back through the reaction sequence (Eq. 2–3) inducing further 
chain decomposition of the diaryliodonium salt by a non-photochemical process. While cationic 




polymerization of TMPTA is possible, its slow rate relative to FRP justifies it not being considered. 
Overall, this this two-molecular system exploits the blue-light sensitivity of CQ, where free-
radicals are generated photo-chemically and non-photo-chemically, both of which contribute to 
the initiation of FRP. By virtue of the chain of induced decompositions shown in Fig. 4-5, the 
photoinitiation process has the potential of generating several free-radical species for every photon 
absorbed. This attractive for use with low intensity visible light applications, and we exploit this 
PI system to carry out of photopolymerization in this study. 
 
Fig. 4-5 Photopolymerization of TMPTA using a dual component photoinitiator. 
Our model of light-induced self-writing in a photoresin exposed to oxygen follows closely that 
described by Dendukuri and co-workers.35 Fig. 4-6 shows a schematic of the different species 




entailed in the growth of micropillar arrays through a combination of beam irradiation and oxygen 
inhibition in a photoresin of thickness H. Optical beams produce radicals whose concentration is 
notated as [X], and oxygen diffuses into the film and is responsible for the consumption of radicals. 
The balance of radical generation and oxygen inhibition determines the spatial profiles of [X] and 
[O2]. 
 
Fig. 4-6 Schematic of the spatial distributions of light, as well as oxygen and radical concentrations during 
irradiation of a photoresin with a periodic array of microscale light beams. Light beams induce the 
formation of radicals X, which decreases over distance due to the reduction of light intensity and increase 
in oxygen inhibition. Oxygen diffuses into the film and consumes radicals. The balance of radical 
production and oxygen inhibition gives rise to the inhibition zone, zD, where the polymerization is 
completely suppressed.  






















   
where 𝜑 is the quantum yield of photoinitiator, 𝑁(𝑧) is the number of photons, and the dimension 
z is along the film’s surface normal. We assume the light beam is collimated (i.e., non-divergent), 





𝐼rexp	(− ln(10) 𝜀[PI]𝑧)                     Eq. 4-2 
where 𝜀 is the molar extinction coefficient of photoinitiator at 470 nm, [PI] is the concentration of 
the photoinitiator, 𝜆 is the wavelength, 𝐼r is the incident light intensity, h is Planck’s constant, c is 
the light speed, and NA is Avogadro’s constant. Substituting Eq. 4-1 into Eq. 4-2, we obtain: 
 𝑟~ = 	𝜑ln	(10)𝜀[PI]

TN
𝐼rexp	(− ln(10) 𝜀[PI]𝑧)                                  Eq. 4-3 
After producing radicals, the chain polymerization begins: A radical reacts with an oligomer to 
form a larger radical. In this step, the total amount of all radical species is unaffected, so all radical 
species are lumped into [X]. During the process, radicals are consumed through chain termination 
and oxygen inhibition. The rate of radical consumption may be described by: 




𝑟N = 	𝑘[X]l + 𝑘[X][Ol]                                                 Eq. 4-4 
where 𝑘 is the rate constant of termination, and 𝑘 is the rate constant for oxidation. 
Herein, we neglect the radical diffusion due to its relatively low diffusion constant. As radicals are 
intermediate states, a quasi-steady-state approximation is applied by equating and to obtain: 
[X] = 	 o []s¡( [])
s¢XI£
l£
                                                 Eq. 4-5 
Concurrent with the production of radicals, oxygen is continuously supplied by the ambient 
atmosphere and transported across the interface between the air and the photoresin mixture, and 
this oxygen consumes radicals. The balance between radical production and oxygen inhibition 
gives rise to an inhibition zone of thickness zD. The oxygen flux is assumed to be only in the z 
direction. In addition, assuming that photopolymerization occurs under steady-state conditions, 




−	𝑘O[O2][X] = 	0                  
Eq. 4-6 
where 𝐷 is the diffusivity of oxygen in the photoresin. Because Eq. 4-3, Eq. 4-5, and Eq. 4-6 
cannot be solved analytically, a scaling expression for the inhibition zone z¥ is given by:35,38 
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 Eq. 4-8 
where n is the order of the reaction, H is the film thickness, Da is a dimensionless Damköhler 
number quantifying the ratio of radical generation to oxygen diffusion into the oligomer, and 
[Ol,µ¶·] is the equilibrium concentration of oxygen in the oligomer. This scaling method assumes 
the general solution is an exponential decay and obtains the diffusion length of oxygen. 
Furthermore, I assume the inhibition zone is equal to the diffusion length, so I obtain Eq. 4-7. 
However, the order of reaction n is not a well-defined number in Eq. 4-6 because [X] is also a 
complex function of [O2]. Therefore, I regard n as a fitting value with the empirical data, and 
determine Eq. 4-7 semi-empirically.  
Commonly, Eq. 4-8 is substituted into  Eq. 4-7, resulting in zD showing no dependence on H, 
because it is assumed that the film is very thin (10-100 µm), and as such the light intensity does 
not significantly decay over the thickness of the film. However, herein we have investigated films 
far thicker (200-3000 µm), where light intensity can be expected to be reduced over the film depth. 
Thus, we consider light intensity that exponential decays over distance, and for which a decay term 
of exp(-ln(10) 𝜀[PI]𝑑), where d is the propagation distance along the z direction, is non-negligible. 























Notably, Eq. 4-10 predicts that the inhibition zone is inversely proportional to square root of light 
intensity and grows exponentially with film thickness. We will see how it fits the empirical data. 
 
4.4 Pillar morphology 
I observed the growth of the micropillars in situ at different irradiation intensities to elucidate the 
growth process. Fig. 4-7 shows exemplary growth over time of the pillars using a 40/400 mask at 
an irradiation intensity of 5 mW/cm2. See Supporting Information for videos of the growth for 
irradiation intensities of 5, 10, and 15 mW/cm2. Pillar growth does not begin at the onset of 
irradiation time, but rather after an induction period. Such an induction period for the onset of 
curing was also observed in the irradiation studies of Kewitsch et al.14 After approximately 485 s 
of irradiation, a small pillar emerges on the transparent substrate surface. The pillar is observed to 




grow both in height and width over the course of irradiation. Growth occurs relatively faster 
thereafter, then pillar ceases and remains in a stationary state regardless of any additional 
irradiation time. Fig. 4-7 also shows a schematic of the growth process, in which an initially, 
naturally divergent beam is transmitted through photoresin. As a solid pillar geometry begins to 
form, the self-focusing effect begins to modulate the propagation of the optical beam, eventually 
confining it to propagate within the pillar. The pillars appear elevated about the circular disc of 
blue light, which indicates its entry location, owing to the optical effect refraction at the air-
photoresin interface. Fig. 4-7 (e) shows an example of a pillar than happens to bend it such a way 
that blue light can be observed to exit out from the tip of the pillar, indicating the confinement and 
propagating of light within it. 





Fig. 4-7 In situ monitoring of pillar growth over the course of irradiation. (a-e) Snapshots of the growing 
pillars obtained after durations of 0, 485, 600, 1200, and 2400 s, respectively. Mask is 40/400, hence, 
spacing between pillars is 400 μm. (f-h) Illustration of beam-induced self-focusing and consequent pillar 
growth.  
To quantify the evolution of pillar growth, their heights were extracted from the in-situ 
experiments. Fig. 4-8 shows pillar height (average) plotted against irradiation time for three 
different irradiation intensities. The induction time before the onset of pillar growth is significantly 
reduced by increasing the irradiation intensity. The plots also confirm that the pillar growth 















times to reach their maximal heights, we define a quasi-steady state irradiation time as the duration 
at which the pillar height reaches 95% of its final height after extended periods of irradiation (i.e., 
2400 s). The quasi-steady state times in Fig. 4-8 were determined to be 1050 s, 600 s, and 480 s 
for 5, 10, and 15 mW/cm2, respectively. This quasi-steady time decreases with the increase of light 
intensity. The decrease in both the induction time and quasi-steady state time with increased 
irradiation intensity is in accordance to the intensity-dependent photopolymerization rate, whereby 
a greater quantity of radicals may be generated which increases the photoinitiation rate. The 
determination of this quasi-steady state time is important, as it provides a practical duration of 
exposure by which to achieve maximal pillar height, avoiding the need for very long exposures 
times. For all experimental results reported hereon, we selected an exposure duration of 1200 s (20 
min.) as this was sufficient to ensure maximal pillar height is attained. 
 
Fig. 4-8  The time evolution of pillar height for different irradiation intensities. Data correspond to sample 
shown in Fig. 4-7. 





























Fig. 4-9(a) shows a photograph of a pillar array made with photomask of 10/50. The pillars are 
distributed periodically, and are uniform in their structure, with the exception of a few defects that 
consist of pillars that fused with a neighboring pillar, as a result of the washing. These defects are 
mainly induced by the drying process, in which tensile forces fuse some pillars together as the 
solvent evaporates.39 Fig. 4-9b-c show side-view images of the same pillar array, which reveal that 
arrays comprise of individual pillars (i.e., not fused or in contact). Notably, for very high intensities 
(e.g., 17.5 mW/cm2) there emerges a gel in the interstices at the base of the pillars. The pillar and 
gel heights are indicated in Fig. 4-9(c). We defined the pillar height as the distance from the 
substrate of the gel to the pillar tip, and the gel height as the distance from the substrate to its top 
surface. This gel formation indicates a concurrent solidification of the surroundings occurring at a 
slower rate, owing to leakage of light from the peripheries of the pillars, as well as the diffusion 
of radicals into these regions. Hence, it can be inferred that under particular conditions, radical 
concentration, via generation and diffusion, can overwhelm oxygen inhibition, allowing 
polymerization to occur beyond the regions of exposure. 






Fig. 4-9 Photograph of a micropillar array (10/50, 10 mW/cm2). (b) The side-view image of the same 
structure shown in (a). (c) The same experimental conditions except for higher irradiation intensity of 17.5 
mW/cm2 results in not only pillars but also an interstitial gel. 
Fig. 4-10 shows SEM images of arrays consisting of the tallest pillars achieved with different 
photomasks at an irradiation intensity of 10 mW/cm2. Their respective heights are 848 µm, 466 
µm, 177 µm, and 112 µm. They are formed with different film thickness, 1500 µm , 600 µm, 600 
µm, and 300 µm, respectively. Using a 10/50 mask, a total pillar density of 40,000 per cm2 (Fig. 
4-10(l)) could be achieved; the highest attainable aspect ratio was 8.6 for a 40/400 mask (Fig. 
4-10(c)). The spacing of pillars accurately replicates the spacing of the photomask, although the 
diameter is slightly larger than that of the aperture size, owing to the lateral free-radical diffusion. 
Pillars formed using a 10/100 mask are the only example of ones that do not stand erect, but rather 










































































beam diameter) do remain straight indicates a dependence of individual pillar growth on the 
interspacing of the beams, most likely due to their close proximity and overall greater exposure of 
the sample to light enabling more radicals to be generated. Overall, Fig. 4-10 demonstrates the 
ability to produce micropillar arrays with tunable spacing and diameters, through selection of the 
mask pattern.  





Fig. 4-10 Top, perspective, and side views of SEM images for pillar arrays of different photomasks (a-c) 
40/400 (d-f) 40/200 (g-i) 10/100 (j-l) 10/50. The irradiation intensity was 10 mW/cm2. 
























4.5 Pillar height and fitting 
Pillar height is another critical aspect of microarray structure. I tracked the change in the pillar 
height, as well as the slowly encroaching interstitial gel layer, as a function of light intensity for 
different masks. Fig. 4-11 shows resultant pillar heights using a fixed photoresin thickness and 
fixed irradiation time. All pillars show a monotonic increase in the pillar height with increase in 
irradiation intensity. Masks with a greater aperture diameter (i.e., 40/400 and 40/200 versus 10/100 
and 10/50) result in taller pillars. When the beam spacing is halved (i.e., 10/100 to 10/50 and 
40/400 to 40/200) the gel thickness no longer remains relatively fixed over the intensity range, but 
rather begins to show its own monotonic increases. Furthermore, whereas a fixed thickness of 600 
μm was used for masks 10/100, 40/200, and 40/400, a thickness of 300 μm was used in order to 
reveal these trends, as greater thickness resulted in significant gelation of the sample. Masks with 
D/S=1/10 (i.e., 40/400 and 10/100) did not gel at greater intensities explored (up to 17.5 mW/cm2). 
By gelation we mean complete encroachment of the gel in the interstices such that the pillars 
formed become permanently embedded and cannot be extracted with washing.  
These observations can be explained by the distribution light intensity and its effect on the 
generation and distribution of radicals in the photoresin. Optical beams spaced further apart allow 
the concentration of radicals radially from the center of the beams to decay significantly. Thus, is 
suppressed by the presence of oxygen, and growth of the interstitial gel is arrested. Bringing the 




optical beams in closer proximity reduces this concentration decay sufficiently, such that the 
interstitial gel can now “propagate” upward. Notably, relative to the 40/400 mask, the 10/100 mask 
generates beams that are closer together, yet not gel is observed to propagate. This can be due to 
the smaller beam diameter resulting in a smaller region of exposure, and lower generation rate of 
radicals. Yet, although 10 μm beams are generated with the 10/50 mask, the interstitial gel still 
grows. Hence, these observations imply that the ratio D/S (rather that simply the beam diameter 
or beam spacing along separately) is another critical parameter that can determine whether or not 
interstitial gel propagation will occur. When D/S is large, such as 1/5, the gelation occurs with 
light intensity more than ~10 mW/cm2, and it suggests that under this light intensity, the pillars are 
too close to each other and form gelation. D/S is critical in the context of producing arrays of 
discrete micropillars over a range sizes and spacing. The greater heights are attained using masks 
with greater diameter beams, because they enable more lights to propagate along the fiber to its 
furthest tip. This results in greater photoinitiation which can counter the presence of greater oxygen 
concentrations as the pillar moves closer to the air-photoresin interface, until it finally reaches the 
inhibition zone at which no further growth is possible. 
 
 





Fig. 4-11 Pillar height and gel thickness as a function of irradiation intensity for a fixed film thickness for 
masks (a) 40/400, (b) 40/200, and (c) 10/100 and (d) 10/50.  
From the data of Fig. 4-11, I can calculate the inhibition zone as the film thickness minus the pillar 
height, and plot the relation of inhibition zone and the light intensity in Fig. 4-12. To compare the 
accuracy of Eq. 4-10, the fitting line from Eq. 4-10 is plotted with the parameters in Table 1; also, 

















































































the coefficient of determination R2 and the fitting number n are shown in Fig. 4-12. The smallest 
R2 is 0.91, showing a decent fitting power, and it concludes that the inhibition zone has a trend of 
1/¡𝐼r, derived from the polymerization and oxygen inhibition mechanism. It interprets the model 
has a reasonable correctness. For 10/100 mask, this fitting has the least R2. One possible reason 
for the deviation of 10/100 is that the pillar height of 10/100 is underestimated due to the bending 
pillars from their self-weight at greater heights, which has the effect of overestimating the 
inhibition zone of high light intensity, so the curve drops slower than the fitting line. 
In addition, the fitting number n changes significantly with different masks. It attributes that my 
model only considered the z direction and ignored the coupling effect among pillars. When the 
diameter of aperture is fixed ( (a)(b), (c)(d) ), small spacing leads to small n, because the coupling 
effect enhances the driving force of photoinitiation and reduce the size of inhibition zone, and it 
reflects on the n becoming smaller. In contrast, for the same D/S, small diameter leads to large n 
due to the weaker photoinitiation, so the inhibition zone is enlarged. 












Fig. 4-12 The inhibition zone versus the light intensity, and theoretical curves fitting to the data. 































































































10/50 µm, 300 µm
Fitting line




Parameter Value Units Source 
𝐷¹ 1.0	 ×	10ot cm2/s 40 
[Ol,µ¶·] 1.03	 ×	10ot mol/cm3 41 
𝜑 0.07 - 42 
𝜀 46000 cm2/mol 42 
[PI] 1.65	 ×	10o¢ mol/cm3 Measured 
𝜆 4.7	 ×	10ot cm Manufacturer 
H 600 µm Measured 
Table 1 The parameters are used for Eq. 4-10. 
I investigated the dependence of pillar height and gel thickness on the photoresin film thickness. 
Fig. 4-13 shows the resultant pillar heights over a range of photoresin thicknesses for a fixed 
irradiation intensity of 10 mW/cm2. I showed data for 15 mW/cm2 for the 40/400 mask as to show 
the trend of these plots with intensity. The plots reveal that both the pillar height and the gel 
thickness increase with increased photoresin thickness, and increasing the intensity (Fig. 4-13a) 
shifts the resultant pillar heights to greater values, owing to greater light intensity enabling greater 
penetrating upward in the film, and described earlier. No gel layer forms for the 40/400 mask at 




either 10 or 15 mW/cm2 even up to photoresin thicknesses of 3000 μm, which indicates the strong 
suppression of radical accumulation and photoinitiation. As the actual oxygen concentration 
profile along the z axis from the air-photoresin interface does not change, thicker films shift this 
profile further away from the substrate from where the pillars grow, thereby allowing them to 
attain greater heights, until they reach the inhibition zone. Furthermore, the formation of the 
interstitial gel only occurs after a critical photoresin thickness, below which oxygen is able to 
sufficiently permeate through entire depth of the film to continuously suppress 
photopolymerization in the interstices. In terms of the gel thickness dependence on the mask, a gel 
layer begins to form at a photoresin thickness of 700 μm for a 40/200 mask, and the sample is 
completely gelled at 2500 μm. For the 10/100 mask, a gel distinct from the pillars does not form, 
but rather the pillars are observed to grow laterally (i.e., in diameter) and then become fused with 
one another. This starts at a photoresin thickness of 700 μm. This pillar-embedded-gel then 
increases in height with further increase in photoresin thickness. For a 10/50 mask, the interstitial 
gel encroaches over the entire pillar height at a photoresin thickness of 500 μm or greater. Overall, 
the plots show that with increased photoresin thickness propagation of the interstitial gel layer can 
proceed and, at sufficient thicknesses, will encroach over the entire height of the pillar. This result 
demonstrates the strong dependence on beam proximity in combination with the photoresin 
thicknesses, and indicates that selection of an appropriate photoresin thickness is critical in the 
formation of arrays individual pillars of desired height and with no interstitial gel layer. 





Fig. 4-13 Plots of pillar height and interstitial gel thickness for masks (a) 40/400, (b) 40/200, (c) 10/100, 
and (d) 10/50. Irradiation intensity for (b-d) is 10 mW/cm2. The arrows indicate when the gel layer begins 
to form. 
Eq. 4-10 also indicates the dependence of the inhibition zone thickness on film thickness. To 
further verify that the experimental data follow the model according to Eq. 4-10, Fig. 4-14 replots 
data in Fig. 4-13 in terms of the inhibition zone thickness zD. All plots show the general trend of a 
(a) (b)
(c) (d)























































































greater inhibition zone thickness with increased photoresin thickness. Furthermore, Fig. 4-14 b-d 
show dips in the inhibition zone values, at around 400 and 500 μm thicknesses, respectively, that 
are not predicted by Eq. 4-10. Especially for 10/50, the entire empirical data are located around 
the dip, so Eq. 4-10 is totally invalid for this case. One possible explanation for this is the 
photoresin thickness relative to the point at which the beam becomes maximally self-focused. 
Namely, self-focusing is initially stronger than beam divergence, resulting in narrowing of the 
beam intensity at a point along its propagation path. Thereafter, the beam diverges from this point 
until self-focusing and divergence are balanced. This results in long pillars showing a “pinched” 
waist as an artifact in Fig. 4-10f. This focusing will increase the local intensity which allows more 
radicals to be produced, and results in a lower inhibition zone depth. This is not accounted for in 
the model, which assumes the beam is always collimated, which is the case for very thin films or 
for very thick films, the latter for which a self-trapped beam is essentially collimated. Although 
Eq. 4-10 cannot fully describe dips in the empirical data, at least it points out the general 
exponential growth of inhibition zone with the increase of film thickness. On the other hand, for 
the fitting number n, it shows the same trend as that of the light intensity in Fig. 4-12, so I will not 
describe it again. 
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Fig. 4-14 The inhibition zone versus the film thickness, and theoretical curves fitting to the data. Masks 
employed are (a) 40/400, (b) 40/200, (c) 10/100, and (d) 10/50. 
 
4.6 Waveguides Preparation and characterization 
The waveguide array is made by the photopolymerization measure in Chapter 4.2 with the strip 
width of 200 μm, and the mask is 40/200 μm, curing time 20 min, light intensity 10 mW/cm2, film 
thickness 600 μm, and large cell diameter 45 mm. Since 40/200 μm owns the properties of tall 
pillars and high pillar density, it is chosen as the test subject.  Its average pillar height is 466 μm. 
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transparency in Fig. 4-15 (a). For (b), the magnified optical image of the waveguide array is 





Fig. 4-15 (a) The optical image of the waveguide sample. (b) The magnified optical image of the waveguide 
array with streets. 
 
4.7 EQE results and discussion 
To compare the EQE of the sample (WG) and the control which is a blank plastic substrate, the 
EQE measurement is performed on them with various incident angles from 0° to 70°, and the 




results are shown in Fig. 4-16(a)(b)(c). The maximum EQE of WG is 89.76 %, and that of the 
control is 89.00 %, so WG improves 0.8 % for maximum EQE. It is out of my expectation, because 
it occurs at normal incidence, and the waveguides are designed for oblique incidence. A possible 
reason is that the light impinged on the metal contacts are scattered back to the silicon surface by 
the pillars in the neighborhood. The average EQE is calculated with Eq. 3-7, as shown in Fig. 4-16 
(c). Overall to say, WG has higher EQE than the control, and it indicates that the WG enhances 
the absorption of light over the entire angular range of incidence. Furthermore, the average angular 
EQE is calculated with Eq. 3-8, and they are 76.48 % and 75.70 % for WG and the control, so the 





























































Fig. 4-16 The scanning EQE results of (a) the control and (b) the sample WG. EQE of WG is slightly higher 
than that of the control. (c) The average EQE plot as a function of incident angles. It shows WG has higher 
EQE than the control. 
 
4.8 J-V results and discussion 
The J-V curves of the control and the WG are measured and shown in Fig. 4-17(a)(b), and the 
short circuit current density (Jsc) is extracted from the J-V curves, plotted in Fig. 4-17 (c). The Jsc 
shows an enhancement over the entire range of incidence. Also, the solar cell efficiency is plotted 
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incident angles. It indicates that the WG is able to recover more lights when the incident angle is 
large. There are two reasons: (1) With a large incident angle, the shading loss is increasing, and 
the WG is more capable to recover the loss. (2) With a large incident angle, the light has more 
opportunity to impinge on the WG, and the leak light from the side walls is more possible to be 
recycled again by the WG in the neighborhood; thus, it recovers more lights. 
Furthermore, the angular average solar cell efficiency is calculated with Eq. 3-9, and they are 14.86 
% and 14.61 % for WG and the control, so the WG improves 1.71 %. Overall, WG has an 









































































Fig. 4-17 (a)(b) The J-V curves of the control and WG. (c) The Jsc is extracted from the J-V curves, and it 
shows an enhancement over the entire range of incidence. (d) The solar cell efficiency as a function of the 
angle of incidence shows enhancement over the entire range of incidence. 
 
4.9 Summary 
In order to achieve a ultrawide angle capture for recovering shading loss, a polymer waveguide is 
developed. Starting from configuring the function of polymer waveguides, I realized that the 
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waveguide. It offers an advantage to bend the oblique light into vertical, and the acceptable 
incidence is nearly 90°. Also, leaving empty streets for the metal contacts is required to gain 
recover rate. After confirming this idea, the polymer waveguide is made by photolithography with 
a blue LED light source, instead of an expensive UV light. The diameter of waveguide is controlled 
by the apertures on the photomask, and the height of waveguide is controlled by the light intensity 
and the film thickness. The morphology of waveguides is investigated via SEM. The relation 
among pillar height vs. light intensity and film thickness is given by a kinetic model. I also extend 
the model to include the variable of film thickness. This model is convenient for us to predict the 
parameters for a desirable height of waveguide. 
The 40/200 µm photomask is used to make the waveguides, and its EQE and solar cell efficiency 
is summarized in Fig. 4-18. They are gaining 1.61 % and 1.71 %. Comparing to the v-groove in 
Chapter 3, the gain is lower, but it has a broaden angular incidence range than the v-groove. This 
is the advantage of waveguides. 





















































Solar cells are the main stream of renewable energy since the energy from sun is abundant and 
accessible to most places on Earth. However, it has drawbacks, such as a low energy conversion 
commonly less than 20 %, the power supply is intermittent and not stable. In the industry, energy 
conversion efficiency versus cost is the first priority to promote. Thus, implementing low cost but 
effective technique is attractive to industry. In this dissertation, simple-integrated and scalable 
techniques to improve the energy conversion of solar cells. The first method is to make a v-groove 
structure on the encapsulant, which is able to guide light to the absorption surface, rather than 
impinging on the metal contacts and being wasted. I have simulated the performance of isosceles 
triangles (IT), right triangles (RT), and metal-coated isosceles triangles (MC). Three merit of 
figures are introduced to determine the optimized design for seasonal and daily trajectory of sun 
scenarios. The optimized apex angle is 54° with IT structure for the scenario 1, and 15° with IT 
structure is the best for scenario 2 and 3. RT and MC do not outperform the IT; however, MC may 
have some value for broadening the angular range. To fabricate the v-groove structure, I developed 
a molding process, and a wet-coating method to coat silver on the facets of v-groove. They are 
encapsulated on a solar cell and their EQE and J-V curves are measured. It carries on a gain of 4.3 
% for short circuit current; that means 68 % of the shading loss is recovered. Also, the efficiency 




is gained by 5.9 % for normal incidence, and the cost is down by 5.6 % because of the saving area. 
Besides, the efficiency is enhanced in the incidence range of 40°. 
The v-groove structure is limited to the incidence range of 40°. In order to extend the incident 
angles. I proposed a polymer waveguide array, which is able to bend the light from large incident 
angle to the normal direction. I adopted photolithography with a blue LED to polymerize the 
waveguides. This is a high-speed, low-cost process to fabricate large area waveguides. The 
photopolymerization with oxygen inhibition is understood. The relation among pillar height v.s. 
light intensity and film thickness is derived from a kinetic model and is fitted with the empirical 
data well. This relation is used to configure work parameters for growing desirable waveguides 
without doing a blanket search.  
A 40/200 µm waveguide array with pillar height of 466 µm is fabricated for EQE and J-V 
measurement. The gain of EQE and energy conversion efficiency is 1.61 % and 1.71 %, The gain 
of 1.71 % implies the cost is down by 1.7 % owning to the saving area. 
In conclusion, I have developed two techniques for three application scenarios. For the incidence 
range smaller than 40°, a v-groove encapsulant is an option. For the incidence range more than 
40°, a waveguide encapsulant is more suitable. 
  




 Future work 
For the air and metal-coated prisms, it can be optimized more by adopting a free surface, but it 
will be more challenge for fabricating a free surface. The other future work is to develop a roll to 
roll process and integrate it into the fabrication of solar cells.  
For the waveguide arrays, it is novel, so it has more space to improve. First, I have demonstrated 
that it works for collecting shading loss, but it has not been optimized yet. Thus, next step will be 
to optimize this structure, including the diameter, spacing, spatial arrangement, and patterns. 
Regarding of patterns, 1-D waveguides could be a promising geometry. Since it blocks all incident 
lights without any gaps. Unlike the circular waveguides among which much empty space is, the 
best way is to build a wall and guide all the light impinging on the metal contacts. Actually, it will 
be similar to the plot in Fig. 6-1, and changing the height also changes the acceptable incident 
angles. Taller waveguides block more lights; however, there will be a tradeoff with the material 
amount. Usually it has to be determined with the application scenario, so the constraints will be 
used. Its behavior is analogy to RT with positive incident angles, since RT also has a vertical side 
wall. RT has an enhancement for the entire positive incidence range, so the setup is suitable for 
ultrawide capture. 
 





Fig. 6-1 The 1-D waveguide setup. 
For the both works, stronger statistical confirmation needs to be acquired through the preparation 
and testing of many samples; especially in my work, a few percent for the improvement were 
handled, so statistical confirmation is more important. In order to confirm the reproducibility, the 
samples should be prepared at least 10 samples, and repeat measurement at least 5 times to confirm 
the measurement repeatability. In this work, only a single sample was made and repeated 
measurement three times.   
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